INTRODUCTION
Visual stimuli pass from photoreceptors to ganglion cells via bipolar cell (BC) interneurons. However, ganglion cell spike encoding is dynamically modulated by two types of inhibitory interneurons: horizontal and amacrine cells (ACs) (Masland, 2012) . BC synapses contain specialized ribbon-type active zones, which can release glutamate at high rates (Snellman et al., 2009; Wan and Heidelberger, 2011) . Interestingly, the postsynaptic sites of these ribbon synapses often express Ca 2+ -permeable AMPA receptors (CP-AMPARs), which presumably signal the high rates of glutamate release from BCs (Singer and Diamond, 2003) . Even though N-methyl-D-aspartate (NMDA) receptors are also expressed on ACs, they are located mostly in extra-synaptic sites (Veruki et al., 2003) .
Therefore, CP-AMPARs are one of the main sources of synaptic Ca 2+ rises on the AC dendrites, in addition to voltage-sensitive Ca 2+ channels and Ca 2+ stores, which then trigger and boost inhibitory neurotransmitter release from ACs (Chá vez et al., 2006) . A large body of work in different brain areas has recently shown that CP-AMPARs are critical for long-term plasticity in adult and developing CNS synapses (Isaac et al., 2007; Larsen and Sjö strö m, 2015) . In mammalian ON-type ganglion cells, an activity-dependent process of ''constitutive cycling'' of AMPARs has been described (Casimiro et al., 2013) . This process involved the cycling of extra-synaptic GluA2-containing (Ca 2+ -impermeable) AMPARs, but not synaptic AMPARs. Light-driven activity in the ON pathway changed the ON-ganglion cell synapse from a Ca 2+ -permeable to a Ca 2+ -impermeable state. A light-dependent switch toward philanthotoxin-insensitive CPAMPARs in rat AII ACs has also been demonstrated during early postnatal development (Osswald et al., 2007) . Interestingly, CPAMPARs are also located on horizontal cells, where they modulate dendritic spinule plasticity (Okada et al., 1999; Huang and Liang, 2005) . However, it is not known if CP-AMPARs in adult AC synapses can undergo activity-dependent plasticity in synaptic strength.
Here, we report a novel form of activity-dependent plasticity in a subclass of ACs that depends on activation of CP-AMPARs in goldfish retinal slices. These ACs receive synaptic input from ON-type mixed bipolar (Mb) cells, which depolarize to light stimuli and receive mixed rod and cone photoreceptor input (Lipin and Vigh, 2015) . We found that Mb cell terminals are connected to a morphologically diverse class of ACs. Accordingly, the kinetics and strength of the synaptic connections differed between paired recordings and often displayed a dual-component excitatory postsynaptic current (EPSC), similar to those observed recently in mouse retina (Mehta et al., 2014) . Moreover, in about 30% of our paired recordings, EPSCs potentiated significantly during repetitive depolarizations of the Mb cell terminal, even though presynaptic exocytosis, as assayed by membrane capacitance (C m ) changes, remained constant. This represents a novel postsynaptic form of plasticity at an adult ribbon-type synapse in the vertebrate retina. Furthermore, it suggests that AMPAR-mediated currents on a subclass of ACs can be surprisingly plastic and much more amenable to rapid changes than has been previously assumed for these inhibitory interneurons.
RESULTS

Synaptic Connectivity between Mb Terminals and AC Dendrites
To determine the morphology and functional properties of ribbon-type synapses in the inner plexiform layer (IPL) of goldfish retina, we used paired whole-cell patch-clamp recordings with fluorescent dyes in the patch pipettes. The large size of ONtype Mb cell terminals ($10-12 mm in diameter; Figure 1 ) allows direct recordings from presynaptic terminals. Paired recordings from the BC terminal and AC soma were performed from AC somata selected to be approximately <50 mm from the Mb cell soma ( Figure 1A ). To determine the morphology of the connected pairs and the putative AC dendritic synaptic contact areas on the Mb terminal, we fluorescently labeled the cells by including 100-200 mM Alexa 488 or Alexa 555 hydrazide in the pipette. We then fixed the tissue and obtained fluorescent images of cell morphology see Experimental Procedures) . During the retinal slice preparation, some Mb terminals were axotomized ( Figure 1C ; Kim et al., 2012) . The ACs in our paired recordings exhibited elaborate dendritic arborizations and contacted the Mb terminal at one or several locations insets) . Some AC dendrites appeared to extensively invaginate the Mb terminal (Zimov and Yazulla, 2008;  Figure 1E ). We obtained recordings from ACs whose dendrites stratified (B) The Mb terminal and AC soma were filled with 100 mM Alexa 488, a fluorescent dye, after patchclamp recording, and images were captured at two different focal planes (1 and 2). The green arrows indicate AC dendritic varicosities; the red arrow indicates a telodendria from a Mb terminal. The left green arrow in (1) shows a putative synaptic contact between the Mb terminal and the AC dendrite. (C-F) Axotomized (C; axon cut from soma) and intact Mb cells (D-F) form putative synapses with AC dendrites. The whole-cell patch pipette was positioned on the Mb terminals, which contact both morphological ON type AC (C and D) and bistratified ON-OFF (E,F) types of ACs. Insets: the Mb terminal (100 mM Alexa 555, red) and AC (100 mM Alexa 488, green) were filled with fluorescence dyes, and putative synaptic contacts are shown in yellow. All these paired recordings (B-F) displayed EPSCs in the ACs when the Mb terminal was depolarized (see Figure 2 ). exclusively in sublamina b of the IPL (ON-type AC; Figures 1B-1D ) and also from bi-stratified ACs whose dendrites stratified in both sublamina a and b of the IPL (ON-OFF type AC; Figures 1E and 1F ). This suggests that at least two major types of ACs receive synaptic input from Mb terminals (Connaughton et al., 2004) .
To investigate synaptic plasticity at the Mb synapses, we simultaneously measured the C m of Mb terminals and EPSCs from ACs during paired recordings. A step depolarization to 0 mV applied to an Mb terminal evoked Ca 2+ currents in the Mb terminal and EPSCs in the AC (Figure 2A ). Of 187 attempted paired recordings, 71 ($38%) showed evoked EPSCs, but only 45 of these 71 recordings lasted for 6 min or more. We thus could use only 45 of the paired recordings for our synaptic plasticity studies. Synaptic currents evoked in the reverse direction were even more infrequent (i.e., evoked inhibitory postsynaptic currents on Mb cell terminals elicited by AC depolarization occurred in only $7.7% of the pairs [n = 3 of 39 pairs]; see Vickers et al., 2012) . Paired recordings were thus rare and very challenging, perhaps because of the thinness of our retinal slices (200-250 mm), which was necessary for adequate cell visualization.
In accordance with the diverse range in putative morphological synaptic contacts ( Figures 1C-1F ), paired recordings between Mb cell terminals and ACs also displayed a wide diversity in EPSC amplitudes and kinetics ( Figure 2A ). We used a 200 ms step depolarization to 0 mV to elicit a Ca 2+ current (I Ca
2+
; mediated by L-type Ca 2+ channels) and a DC m change (due to exocytosis) in the Mb terminal. This evoked an EPSC (I EPSC ) in the AC. Both cells had a holding potential of À70 mV. The EPSC often displayed a fast transient component that peaked within 1 ms after the Mb cell depolarization, followed by a slower and more sustained second component (Figures 2A and S3 ). Possible explanations for these two components of the EPSCs are (1) the existence of two pools of readily releasable vesicles at the synaptic ribbon (von Gersdorff et al., 1998; Singer and Diamond, 2003) (2) a fast releasing pool of vesicles at the ribbon and a slower vesicle pool at non-ribbon synapses (Midorikawa et al., 2007; Mehta et al., 2014) , and (3) the slow component is due to the delayed release of glutamate from neighboring Mb cells connected by dendritic gap junctions (Arai et al., 2010) . However, axotomized Mb terminals exhibited double-peaked EPSCs in our paired recordings (data not shown) and also in ganglion cell layer recordings (Palmer, 2010) . So a role for gap-junction coupling in the generation of the second component seems unlikely. Presynaptic DC m changes (exocytosis) and EPSC charge transfer (glutamate release) were highly correlated in paired recordings ( Figures 2B and 2C ). This again suggests that gap junctions between Mb cell dendrites are unlikely to generate the second component of the EPSC, because such a high degree of correlation would not be expected if release from other unclamped BCs were involved in generating the slow component of the EPSC. The excellent correlation between DC m and EPSC charge transfer (Q EPSC ) also suggests that DC m is a good index of glutamate release and is not affected by potential artifacts due to our use of intact BCs (see Figures S1A-S1C ). C m was monitored with a 2 kHz sine wave before and after the step depolarization. The evoked EPSCs (I EPSC ) are averages from three to five traces, and the AC was held at À70 mV. Note the diverse types of double-peaked EPSC waveforms with fast and slow components.
(B) EPSCs were evoked when a Mb terminal was stepped from À60 mV to between À50 mV (red trace) and +10 mV (black trace) in 20 mV increments for 100 ms. The corresponding DC m jump and EPSC charge transfer (Q EPSC ) are highly correlated (r 2 = 0.97; inset).
(C) Average response of the presynaptic DC m jump and postsynaptic Q EPSC (r 2 = 0.89 ± 0.04; data points from n = 3 or 4 pairs).
Furthermore, this also suggests that EPSCs are not subject to significant AMPA receptor desensitization or saturation. Finally, we used meclofenamic acid, a reversible blocker of gap junctions (Veruki and Hartveit, 2009) , to show that our DC m changes are not influenced by gap junctions. After application of 100-200 mM meclofenamic acid, Mb terminals exhibited normal DC m jumps ( Figure S1D ), whereas the input conductance of intact Mb cells (9.6 ± 1.3 nS; n = 4) was significantly decreased (2.2 ± 0.5 nS; n = 6). However, after about 5 min of application, meclofenamic acid also blocked the Ca 2+ currents and reduced the size of DC m ( Figure S1D , red trace), so it could not be used for studying long-term synaptic plasticity.
Because we see a fast component in the EPSC (1 ms rise time), while recording at the AC soma, our voltage-clamp quality seems adequate, and the slow component must result from factors other than dendritic filtering. Indeed, when we changed the holding potentials from À70 to +50 mV in the ACs, the reversal potential of both the fast and slow EPSC components was near 0 mV, suggesting they are both under good voltage-clamp control (data not shown; n = 5). In some paired recordings, the EPSC activated slowly (onset delay $19.3 ± 5.7 ms) and lacked a fast component (data not shown; n = 7). We did not study these pairs further. However, in all cases tested, 10-20 mM NBQX (an AMPAR antagonist) blocked both components of the EPSC, although DC m was unchanged by NBQX (Figures S2A-S2C ; n = 8 pairs). Importantly, note that the rapid decay of the second component was time locked with the Mb cell repolarization and decayed with an average time constant of 30.4 ± 7.6 ms (n = 7; Figures 2A, 2B , 3A, 3B, and 4A). This indicates that the membrane potential of the compact Mb terminal controlled rapidly its glutamate release. Thus, in stark contrast to paired recordings between Mb terminals and ganglion cell layer neurons (Palmer, 2010), we did not observe an NMDA receptor (NMDAR)-mediated EPSC (n = 4; Figure S2D ). These results indicate that both the fast and slow EPSC components are due to AMPAR-mediated currents.
ACs Can Display a Postsynaptic Form of EPSC Plasticity
Stable DC m and EPSC recordings that did not display significant changes during a period of about 5-10 min of whole-cell recordings could be obtained during some paired recordings (Figure 3A ; see also Figure S2C ). In order to minimize run-down of DC m jumps, we depolarized Mb terminals from À70 to 0 mV for 100 or 200 ms every 30 s, a time interval between depolarizations that should allow full recovery of DC m jumps from vesicle pool depletion (von Gersdorff and Matthews, 1997; Palmer et al., 2003) . This protocol allowed us to maintain the same amount of exocytosis (or glutamate release) during repetitive depolarizations of the Mb terminal (Figures S1B, S1C, and S2C). Changes in Mb cell membrane conductance can generate artifacts in DC m jumps, so we typically measured C m about 500 ms after the depolarizing pulse ( Figure S1C ). Because the rate of endocytosis is slow for Mb terminals in slice recordings (time constant of C m decay: t = 5-10 s) this may underestimate exocytosis, but only by <10% (Hull and von Gersdorff, 2004) .
Surprisingly, a significant subpopulation of ACs showed a rapid potentiation of the evoked EPSCs ($30% [12 of 36 pairs]), although DC m did not change ( Figures 3B and 3C ). Note that the second component of the EPSC increased significantly (Figure 3B1) , whereas the first component did not show such a pronounced change (see Figure S3 ). Moreover, this potentiation seemed to be more evident with 200 ms pulses than with 100 ms pulses (see Figures S4A and S4B ). The DC m jumps tended to be fairly stable or to slightly decrease during the $10 min recording for both the plasticity-showing and non-plasticity-showing paired recordings, whereas the corresponding EPSCs were either stable or increased. However, after more than 10 min of whole-cell recording, a DC m decrease was followed by an EPSC decrease ( Figure 3B2 ). A total of 12 of 36 paired recordings with 2 mM EGTA in the AC showed a significant potentiation in EPSC charge after 6 min of recording, but no significant change in DC m . In summary, although individual evoked EPSC profiles differed between paired recordings (Figure 2A) , the EPSC charge transfers for about 30% of the pairs showed significant increases within a period of 3-6 min after repetitive Mb cell stimulation.
To quantify the data, normalized DC m jumps and evoked EPSC charge transfers (Q EPSC ) were averaged for the initial 3 min time interval and for the 3-6 min time interval of paired recordings ( Figures 3C and 3D ). The potentiated EPSC responses were defined by those evoked currents that increased over 1.5-fold on average for either the initial 3 min or 3-6 min of recording compared with the initial normalized value. About 30% of the pairs (light red traces) showed a significant EPSC potentiation. Moreover, even an unbiased average of all the Q EPSC values for the 36 pairs showed an increase during the recording period. To normalize for the slight DC m rundown during whole-cell recordings, we defined synaptic gain as follows: gain = Q EPSC /DC m . Normalized synaptic gain increased in an even more significant manner compared with normalized Q EPSC ( Figures 3D and 3E ).
Gap Junction Coupling Strength Does Not Increase during Paired Recordings
A double-peaked EPSC also occurs at cone to horizontal cell (or BC) ribbon synapses, and the second, slow component of the EPSC is reduced by gap junction blockers (Cadetti et al., 2005; Tian et al., 2012) . The EPSC potentiation we observed could, likewise, be due to an increase in gap junction conductances between Mb cells (Arai et al., 2010) , which may all synapse onto the same AC. In order to test for the possibility of changes in the gap junction conductance among the Mb cell dendrites, we directly measured the gap junction conductance between two neighboring Mb cell dendrites by performing paired recordings between two nearby Mb terminals ( Figure S5 ). The gap junction conductance was defined as the current response in one BC divided by the voltage difference between the one BC and the other BC (Arai et al., 2010) . The average initial gap junction conductance between two Mb cell dendrites was 1.8 ± 0.3 nS (n = 5), and there was no significant increase after 6-8 min (n = 3) of whole-cell recording. Instead, the gap junction conductance tended to decrease during the recordings (Figures S5D and S5E).
AC EPSC Potentiation Is Ca
2+ Dependent What are possible mechanisms that may evoke the observed postsynaptic plasticity at AC synapses? Like long-term potentiation at some CNS synapses, we hypothesized that postsynaptic potentiation of the EPSCs was Ca 2+ dependent (Fortin et al., 2010) . We thus used an internal pipette solution with a high Ca 2+ buffer concentration (20 mM BAPTA, a fast Ca 2+ buffer) in the postsynaptic ACs to block dendritic Ca 2+ increases.
After $4-5 min in the AC whole-cell mode to allow BAPTA to diffuse throughout the AC, we started the presynaptic depolarizations in the Mb cell terminals (i.e., 200 ms pulses given every 30 s). We first noted that the EPSC charge transfers at the beginning of AC recordings are not significantly different in 2 mM EGTA or 20 mM BAPTA internal solutions ( Figure S8A ). This also indicates that there is no significant change in the Mb terminal vesicular glutamate concentration after the $4-5 min waiting period for AC whole-cell dialysis, which could have potentially decreased EPSC amplitudes . In this configuration, with 20 mM BAPTA in the AC, synaptic potentiation did not occur in all nine paired recordings (Figure 4A) . Average values of normalized DC m , evoked Q EPSC , and synaptic gain did not show significant changes at either the 3 min or 3-6 min time intervals ( Figures 4B-4D ). This suggests that a rise in AC dendritic Ca 2+ is crucial for the induction of postsynaptic potentiation.
In addition, postsynaptic holding potentials were changed at the end of five paired recordings to measure the I-V relationships of EPSCs. Interestingly, inward rectification was shown in both plasticity-and non-plasticity-showing pairs, which suggests the expression of CP-AMPARs in both plasticity-and non-plasticity-showing cell pairs (data not shown). The average values of the rectification index were 3.74 (plasticity cells, n = 3) and 1.95 (non-plasticity cells, n = 2) (see Supplemental Experimental Procedures). No additional polyamine was included in our patch pipette during these paired recordings to promote rectification of AMPARs (Singer and Diamond, 2003) . Although our data set is small, because of the difficulty of paired recordings, the rectification of the EPSC suggests that free intracellular polyamine levels are not drastically dialyzed during the course of our whole-cell recordings perhaps because of a compartmentalization of intracellular polyamines in goldfish AC dendrites that reduces rapid diffusion.
Potentiation of L-Glutamate or AMPA-Evoked Currents Is Ca 2+ Dependent Two technical difficulties limited further study of the underlying mechanisms of potentiation: (1) no obvious morphological feature distinguished plastic ACs from non-plastic ACs, and (2) paired whole-cell recordings with sufficiently low and constant series resistance were difficult to obtain and did not last for more than 10-15 min. Moreover, only about 30% of the paired recordings showed postsynaptic plasticity (Figure 3) . In order to screen a larger set of AC dendrites for plasticity, we therefore directly applied L-glutamate or AMPA onto the ON layer of the IPL with a puff pipette after an AC was in voltage-clamp at À70 mV. We visualized AC dendrites with an Alexa 488 fluorescent dye and applied 1 mM L-glutamate (with 50 mM D-AP5, a NMDAR antagonist; see Experimental Procedures). As expected for AMPAR currents, the reversal potential of puff evoked currents was about 0 mV (data not shown). The puff-evoked currents (I puff ) elicited by 1 mM glutamate in AC dendrites had a peak average amplitude of 80 ± 19 pA and decayed with a single exponential decay time constant (t = 0.85 ± 0.27 s from the peak current; n = 8). The I puff elicited by 1 mM AMPA had a peak current of 43.9 ± 5.1 pA and a slower kinetics of decay (t = 2.5 ± 0.2 s, n = 26) ( Figures 5A, 5C , and 5E). This difference in kinetics is likely due to the rapid clearance of L-glutamate by transporters on Mü ller cells and BC terminals (Palmer et al., 2003) , while AMPA molecules rely solely on diffusion for clearance.
During repetitive puffs of AMPA or L-glutamate onto AC dendrites, the evoked currents (I puff ) were augmented in 40% (11 of 27 cells) or 30% (3 of 10 cells) of ACs, respectively. The agonist puff was applied every 30 s to mimic the paired recordings ( Figures 5A and 5B) . However, note that these agonist puffs probably activate a larger number of AMPARs than the depolarizations of Mb terminals in the paired recordings. Indeed, the average EPSC charge transfer at the beginning in paired recordings (Q EPSC = 4.2 ± 0.6 pC, n = 37; 200 ms pulses) was much smaller than the I puff charge (Q puff = 28.0 ± 5.7 pC, n = 23 for L-glutamate; 123 ± 17 pC, n = 26 for AMPA; Figures S8A and  S8B ). Note that we observed a clear increase of peak I puff with repetitive puffs of AMPA in 40% of the tested AC dendrites ( Figures 5A and 5C ). Normalized average Q puff was increased at both the 0-3 min and 3-6 min intervals ( Figure 5B ). This again suggests that the EPSC potentiation observed in paired recordings may have a purely postsynaptic origin.
To mimic our paired recordings, the standard internal pipette solution in the I puff recordings contained 2 mM EGTA. We next tested the Ca 2+ dependence of the I puff plasticity with 10 mM BAPTA in the pipette solution. Following a waiting period of 5 min after whole-cell break-in, to allow for BAPTA diffusion, repetitive AMPA puff applications delivered every 30 s evoked I puff in ACs that potentiated in only two of eight recordings ( Figure 5C and light red traces in Figure 5D ). However, with 20 mM BAPTA in the internal solution, I puff potentiation was completely suppressed (n = 12; Figures 5E and 5F ). Importantly, this result also demonstrates that changes in I puff are not due to movements or drift of the I puff pipette ( Figure S6 ). Note that the initial charge transfers evoked by 1 mM AMPA puffs were not significantly different among the 2 mM EGTA-based, 10 mM BAPTAbased, and 20 mM BAPTA-based internal solutions ( Figure S8 ).
In conclusion, the potentiation of I puff is dependent on a rise of internal Ca 2+ concentration.
Activation of CP-AMPARs Is Necessary for AC Plasticity
Because the synaptic plasticity is Ca 2+ dependent and occurs in the presence of NMDAR blockers, we hypothesized that CPAMPARs were the primary source for the Ca 2+ influx that induced the plasticity. We thus used a selective antagonist of CP-AMPARs, IEM 1460 (IEM is an open channel blocker; Fortin et al., 2010) , combined with repetitive stimulation with 1 mM AMPA puffs onto AC dendrites. After observing the I puff potentiation, we applied 60 mM IEM 1460 onto the retinal slices. This significantly reduced the I puff , which partially recovered after IEM washout ( Figures 6A and 6B) . In order to provide a control for pressure-mediated mechanical artifacts of I puff on the AC dendrites, we also performed iontophoretic stimulation onto AC dendrites with 1 M L-glutamate (in the presence of 50 mM D-AP5 or 20 mM R-CPP to block NMDARs; see Experimental Procedures). Consistent with the AMPA puff experiments, some ACs showed potentiation of evoked I ionto currents ($38% [5 of 13 cells]; Figures 6C, 6D , and S7). The average initial charge transfer of I ionto was Q ionto = 9.5 ± 2.5 pC (n = 13), a value closer to that of paired recordings (Q EPSC = 4.2 ± 0.6 pC; n = 37), which showed potentiation for $30% of the recordings.
The results with IEM were also confirmed with another selective antagonist of CP-AMPARs, philanthotoxin (1 mM; n = 3). There was no significant difference between these two antagonists ( Figure 6E ). Some ACs did not show plasticity of currents (I puff or I ionto ; Figures 5B and 6C ) although their evoked currents were significantly blocked by 60 mM IEM ( Figure 6E ). These ACs (E) The evoked current charge (Q puff ) after treatment with CP-AMPAR blockers, 60 mM IEM (n = 6) or 1 mM philanthotoxin (PhTx; n = 3), were compared with evoked charges (Q puff ) right before drug treatments. Internal AC solutions contained 2 mM EGTA. We also note that 60 mM IEM significantly suppressed Q ionto in both non-plasticity-showing ACs (n = 4) and plasticity-showing ACs (n = 5), and the degree of suppression between these two conditions was not significantly different (p = 0.52; n = 9). (F) For non-plasticity-showing ACs, evoked Q puff were compared before and after 5 min of treatment with 60 mM IEM. Internal solutions contained 10 mM BAPTA (n = 4) or 20 mM BAPTA (n = 10). There was no significant difference in the amount of IEM block.
(G) Before starting 1 mM AMPA puffs on the AC dendrites, the slices were treated with 60 mM IEM, which was continuously present in all these recordings. These AMPA-puff-mediated currents did not exhibit any potentiation. Normalized charge transfers (Norm. Q puff ) were plotted (the red dotted line indicates 1). Internal solutions contained 2 mM EGTA. (H) With 60 mM IEM present in the bathing solution, there was no significant change in Q puff after 3 min of recordings, but a significant decrease was observed in the 3-6 min time interval (n = 11; two-tailed Student's t test, **p < 0.01).
may be either intrinsically non-plastic ACs, or the plasticity may already be saturated. The I puff evoked by AMPA were blocked by IEM in all tested ACs, whether they showed plasticity or not (n = 12, residual Q puff $44%; Figure 6E , left), and this was also confirmed with iontophoretic application of L-glutamate (n = 9, residual Q ionto $41%; Figure 6E , right). A similar amount of evoked currents was blocked by IEM in ACs with 10 or 20 mM BAPTA ( Figure 6F ). Because 60 mM IEM did not completely block the AMPA-evoked currents, we propose that non-CP-AMPARs are also expressed in AC dendrites. It is also possible that 60 mM IEM may not be sufficient to completely block all CPAMPARs on the AC dendrites. These results suggest that the CP-AMPARs are expressed on goldfish ACs dendrites. However, so far these data do not indicate that activation of CP-AMPARs is necessary for inducing plasticity in AC dendrites. To address this specific question, we applied 60 mM IEM in the bath before starting the repetitive AMPA applications. Normalized charge transfers following repetitive AMPA puffs did not increase in any of the tested ACs within a 10 min time interval (n = 11; Figures 6G and 6H ). Initial charge transfers of AMPA puffs, with and without application of IEM in the bath, were not significantly different ( Figure S8C ), given that IEM is an open channel blocker of CP-AMPARs. In conclusion, CP-AMPARmediated currents evoked by AMPA or L-glutamate are present in both plastic and non-plastic ACs, and CP-AMPAR activation is the initial source of Ca 2+ influx that is necessary to trigger the Ca 2+ -dependent plasticity in the AC dendrites. In order to address whether it is possible to induce plasticity in seemingly non-plastic ACs, the stimulus frequencies of 1 mM AMPA puffs were increased ( Figure S6 ). In ACs with no potentiation for 5 min (stimulated every 30 s), the stimulus frequency was increased to 0.1 and 0.2 Hz (every 10 and 5 s). However, the I puff amplitude did not increase at these higher stimulation frequencies (n = 4). This suggests that the non-plastic ACs are intrinsically non-plastic or that the plasticity is already saturated. Note that the EPSC charge transfer evoked by 200 ms depolarizing pulses was much smaller ($4 pC) than that produced by AMPA puffs ($120 pC) ( Figure S8 ). Therefore, repetitive AMPA puff stimulation may already produce maximum activation of AMPAR in those ACs that are still plastic. Note also that a stable initial baseline was present at the beginning in the paired recordings and iontophoresis experiments that showed a gradual induction of plasticity (e.g., Figures 3B2, S3 , and S7B), in contrast to the rather abrupt increase of evoked currents by AMPA puffs. Therefore, an initially weak or short presynaptic stimulation followed by a stronger stimulation or higher frequency stimulation can induce plasticity at some ACs (see Figure S4 ). -indicator dye Oregon Green BAPTA1 within the patch pipette (see Experimental Procedures). AC dendrites were visualized with Oregon Green BAPTA1, and the fluorescent puff pipette was positioned near the targeted AC dendritic varicosity (e.g., Figure 7A , red arrows). Using the same protocol of repetitive AMPA puffs that we used previously to induce plasticity (Figures 5 and 6) , we monitored the dendritic Ca 2+ ( Figure 7B ) and evoked currents simultaneously. We observed that dendritic Ca 2+ was increased when AMPA puffs were applied, whether evoked currents showed plasticity or not ( Figures 7C and 7D) . The decay time course of the [Ca 2+ ] i transient was relatively slow and depends on several factors, such as the affinity of the Ca 2+ -sensitive dye and the surface-to-volume ratio of the varicosity . Importantly, we observed a clear potentiation of dendritic Ca 2+ rises when I puff was potentiated ( Figures 7C, 7F , and 7G). Some ACs showed potentiation of evoked currents by AMPA puffs, and the others did not ( Figure 7E ). In parallel, dendritic Ca 2+ rises
Plastic Changes in
were also potentiated in ACs that showed current potentiation, although the dynamic range of the Ca 2+ rise potentiation was less ( Figure 7F ).
Summarized data indicate that repetitive AMPA stimulations trigger the potentiation of both evoked currents and dendritic [Ca 2+ ] i rises ( Figures 7E-7G ). In each AC experiment, correlation coefficients are analyzed and plotted (n = 12; data not shown). Correlation coefficients (r 2 ) were over 0.5 in $58% of AC recordings (7 of 12 cells). We conclude that the [Ca 2+ ] i rises initiated through CP-AMPARs were concurrently increased when AMPA-evoked current potentiation occurred in ACs. To confirm the involvement of CP-AMPARs in dendritic [Ca 2+ ] i , rises we applied 60 mM IEM at the end of each experiment, and both evoked currents and [Ca 2+ ] i rises were significantly blocked ( Figures 7C, 7D , and 7H). In particular, the degree of block of dendritic [Ca 2+ ] i rises was significantly greater than that of I puff , which supports the hypothesis that non-CP-AMPARs and CP-AMPARs are co-expressed on AC dendrites ( Figure 7H ).
Block of CP-AMPARs by IEM Also Occurs in Mouse AII-ACs
The results in Figures 6 and 7 depend critically on the block of CP-AMPARs by IEM. Because CP-AMPARs are well established in rodent AII-ACs (Diamond, 2011) , we also recorded from mouse AII-ACs to confirm the effects of IEM on CP-AMPARs ( Figure 8A ). The AII-ACs were identified by the location of the cell body and the thick primary dendrites (Veruki et al., 2003; Demb and Singer, 2012) . In addition, we included in the patch pipette 100 mM Oregon Green BAPTA1 to examine dendritic Ca 2+ rises ( Figures 8F and 8G ). The fluorescent image confirmed the morphology of the AII-AC recordings ( Figure 8F ), which showed the characteristic AII-AC inward action currents ( Figures  8A and 8D ). During repetitive puffs of 1 mM AMPA onto AII-AC dendrites, the evoked I puff currents were augmented in 4 of 13 AII-ACs, but this potentiation was less significant in AII-ACs than in goldfish ACs (compare Figures 8C and 5B ). The agonist puff was applied every 30 s as tested in goldfish ACs ( Figures  5A and 5B), and 60 mM IEM blocked the evoked currents (I puff ) (Figures 8A and 8B versus 6A and 6B) . Interestingly, the onset of action current generation by AMPA puffs got shorter after potentiation of I puff ( Figure 8D ). Average amounts of block by 60 mM IEM are compared in Figure 8E . IEM blocked AMPA-evoked currents in mouse AII-ACs more potently ($85% block) than in goldfish ACs ($65% block), suggesting that AIIACs had a greater percentage of CP-AMPARs. To investigate the spatial expression of CP-AMPARs in AII-ACs, the AMPA puff pipette was positioned in the center of the IPL, and AMPA was applied ( Figures 8F and 8G ). Intradendritic Ca 2+ rises were detected by brief AMPA puffs in both proximal and distal dendrites, which suggests the expression of CP-AMPARs in the lobular appendages and the arboreal dendrites. These results confirm that 60 mM IEM is a potent blocker of retinal CPAMPARs.
DISCUSSION
Our results indicate that the repetitive activation of Mb cells can rapidly augment the synaptic strength of a subgroup of AC synapses. Direct activation of AMPAR with glutamate iontophoresis, or AMPA puffs, also led to the potentiation of evoked currents in $40% of the tested ACs. When blockers of the CP-AMPARs were present in the retinal slices, the potentiation of the AMPAR-mediated currents was abolished, suggesting that Ca 2+ influx through CP-AMPARs was necessary for the boosting of AMPAR currents. Finally, using confocal Ca 2+ imaging, we found that activation of AMPARs triggered Ca 2+ influx through CP-AMPARs in all cells that we tested, but this Ca 2+ influx was boosted in only those cells that exhibited a potentiated AMPAR current. Together, these results suggest that a subclass of retinal ACs can undergo Ca 2+ -dependent potentiation via repetitive synaptic activation of CP-AMPARs. These rapid changes in evoked AMPAR currents indicate that AC dendrites can undergo a form of postsynaptic plasticity within minutes of activation.
Postsynaptic Plasticity at a Retinal Ribbon Synapse
We selectively recorded from an AC soma that was nearby to the recorded Mb cell soma in our paired recordings. Although we identified the morphology of the amacrine cells in our recordings (Figures 1 and 7) , we were unable to discriminate a specific AC type in goldfish retina that was more prone to plasticity. However, our morphological reconstructions of ACs did indicate that they had sometimes only one or a few synaptic sites ( Figures  1C, 1D , and 1F) and sometimes multiple putative synaptic contact sites with a Mb cell terminal ( Figure 1E ). This may help explain the large variability in synaptic current amplitudes and waveforms that we found in our paired recordings (Figure 2A) .
A conspicuous feature of the EPSCs obtained from paired recordings was the presence of a fast initial component that decayed within a few milliseconds, followed by a slower rising and decaying second component (Figure 2A) . What can account rises (DF/F) were significantly potentiated, but the amounts of the potentiation between Q puff and DF/F was not significant (p = 0.29; n = 12).
(H) The amount of block by 60 mM IEM was greater in the dendritic Ca 2+ rises compared with the Q puff charge transfers (n = 6; two-tailed Student's t test, *p < 0.05, **p < 0.01).
for this dual-component EPSC, which was blocked fully by NBQX ( Figures S2 and S3) ? One proposal is that they stem from the properties of the synaptic ribbon at BC terminal.
The first, rapid component of the EPSC may be due to the fusion of docked vesicles at the bottom of the ribbon, and the second, slower component may be due to the delayed fusion of a larger pool of vesicles in the upper rows of the ribbon (Zenisek et al., 2000; Lagnado and Schmitz, 2015) . This delayed and larger release of glutamate may also activate an additional pool of more distal AMPAR that is not directly opposed to the ribbon. Another proposal is that the first component originates from the ribbon, where Ca 2+ channels are located, and the second component originates from non-ribbon synapses that are more distal to Ca 2+ channels, hence their slower kinetics (Midorikawa et al., 2007; Mehta et al., 2014) . Our data cannot distinguish between these possibilities, but recent results with light-evoked inactivation of ribbons suggest that the ribbon is the site of both the fast and part of the sustained components of glutamate release (Snellman et al., 2011) . Finally, we note that dual-component AMPAR-mediated EPSCs have also been observed at bipolar to ganglion cell ribbon synapses in both mouse and zebrafish retina stimulated with light or with depolarizing pulses (Wark et al., 2009; Wei et al., 2012) .
The potentiation of the EPSCs in paired recordings occurred while presynaptic exocytosis remained constant, or slightly decreased, suggesting that the locus of potentiation was postsynaptic ( Figures 3B-3E) . Moreover, using different Ca 2+ buffers in the AC (10-20 mM BAPTA; Figures 4 and 5) , we have shown that a local and activity-dependent rise in [Ca 2+ ] at the AC dendrite was necessary for the induction of the plasticity, further indicating that the locus of the plasticity was postsynaptic. Several downstream mechanisms might produce this plasticity. First, exocytosis of AMPARs onto dendritic membranes and/or movement of AMPARs from extra-synaptic to synaptic sites may be involved (Casimiro et al., 2013) . Second, Ca 2+ influx through CP-AMPARs can trigger a Ca
2+
-dependent phosphorylation of CP-AMPARs (Guire et al., 2008; Kristensen et al., 2011) . Interestingly, ganglion cell synaptic plasticity can be triggered by light stimulation, but this form of plasticity depends on NMDAR activation (Jones et al., 2012) .
When we observed synaptic plasticity in our paired recordings ( Figures 3D, 3E , S3, and S4B), this was due mostly to an increase in the second component of release, although the first component could also increase in size in some recordings ( Figure 3B1 ). The number of synaptic AMPAR may thus change rapidly, perhaps because of AMPAR recycling via exocytosis and endocytosis. If the second component is due to the activation of AMPAR that are more distant from the ribbon (i.e., more extrasynaptic), our results would suggest that CP-AMPARs may be inserted into the membrane by exocytosis at more distal sites, and this may account for the larger potentiation of the second, slower component. Perhaps non-CP-AMPARs are expressed on the center of the synaptic cleft and CP-AMPARs are expressed on the peripheral region, and then they may diffuse to the synaptic area.
Mammalian rod BC terminals form dyadic synapses with the dendrites of AII and A17 ACs (Raviola and Dacheux, 1987) . Interestingly, CP-AMPARs are expressed at both types of postsynaptic sites (Diamond, 2011) . Our data suggest that the AMPARs on AII-ACs may sometimes express plasticity (Figure 8 ; Castilho et al., 2015) . However, to date no (D) Onset delay of both AMPA evoked current and action current generation is shortened by I puff plasticity. The action currents are due to unclamped action potential spikes in the AII-AC. (E) The evoked current charge (Q puff ) after treatment with CP-AMPAR blocker, 60 mM IEM (n = 6 for goldfish, shown in Figure 6E ; n = 7 for mouse) was compared with evoked charges (Q puff ) right before drug treatments (two-tailed Student's t test, **p < 0.01). (F and G) AMPA puff-mediated Ca 2+ rises were shown in both proximal and distal dendrites of mouse AII-AC. The AII-AC dendrites were filled with 100 mM Oregon green BAPTA1 and stimulated with 1 mM AMPA puffs. Activation of L-type Ca 2+ channels on AII-AC dendrites was blocked by 2 mM isradipine (n = 3).
CP-AMPAR-mediated synaptic plasticity has been reported at either of these two synapses. This may be due to the stimulation protocols and/or to the strong internal Ca 2+ buffering used in previous studies (e.g., 10 mM EGTA in AII and A17 cells, Singer and Diamond, 2003) . Alternatively, the narrow-field AII-AC is probably not functionally analogous to our goldfish wide-field ACs that undergo plasticity. Our data also showed that some of the ACs did not show current potentiation during repetitive glutamate application or AMPA puffs, even if CP-AMPARs are expressed on the AC dendrites ( Figures 5B and 7D ). Perhaps at these ACs, the plasticity is already saturated. A threshold level of dendritic [Ca 2+ ] i may also be necessary to evoke plasticity. Indeed, the percentage of ACs that displayed potentiation for AMPA puffs (40%) was higher than in paired recordings with synaptic activation (30%). This may be related to the different size of the evoked charge transfer (4.2 ± 0.6 pC for EPSCs versus 123.0 ± 16.9 pC for AMPA puffs).
CP-AMPARs in Retinal Interneurons
We have found that goldfish AC dendrites can express CP-AMPAR and non-CP-AMPARs (Figures 6 and 7) . A previous study documented the subunit expression of ionotropic glutamate receptors in goldfish retina (Vandenbranden et al., 2000) . Functional CP-AMPARs are expressed on retinal horizontal cells and ACs in fish and they have been shown to be involved in different types of light-evoked plasticity (Azuma et al., 2004; Okada et al., 1999; Huang and Liang, 2005) . Our results show that activation of CP-AMPARs is crucial for the initiation of AMPA current potentiation in AC dendrites ( Figure 6G ), and both Ca 2+ influx and AMPA-evoked currents were potentiated without any contribution from NMDARs and/or voltage-gated Ca 2+ channels (Figure 7 ). It would be interesting to study in the future whether additional mechanisms may help initiate plasticity, such as a contribution of Ca 2+ -induced Ca 2+ release (Kobayashi et al., 1995; Chá vez et al., 2006) , Ca 2+ channels, and
NMDARs to boost AC dendritic depolarization and Ca 2+ rises after activation of CP-AMPARs. CP-AMPAR currents exhibit rectification caused by a voltage-dependent channel block with intracellular polyamines (Isaac et al., 2007; Diamond, 2011) . Our paired recordings showed inward rectification of the EPSCs, suggesting that putative intracellular polyamines did not wash out during AC whole-cell recordings (see Results). But some AMPA-puff evoked currents did not exhibit rectification, and we were unable to strongly correlate the presence of rectification with the presence of plasticity in the paired recordings (data not shown). Polyamine sensitivity of CP-AMPARs is involved in a use-dependent postsynaptic plasticity (Diamond, 2011) . However, recent work suggests that a subpopulation of CPAMPARs in mammalian retina is insensitive to the external polyamine philanthotoxin (Osswald et al., 2007) . This supports the idea that a new class of AMPAR is Ca 2+ permeable with little or no sensitivity to polyamine block (Bowie, 2012) . Nevertheless, philanthotoxin blocked our AMPAR currents to the same extent as IEM ( Figure 6E ), indicating the activation of CPAMPARs that can be blocked by external polyamines in goldfish retina. (Euler and Masland, 2000; Protti et al., 2000; Baden et al., 2013; Lipin and Vigh, 2015) . These responses can evoke fast, transient glutamate release, or slower and more sustained glutamate release (von Gersdorff et al., 1998; Mehta et al., 2014) . The strong BC depolarizations we have used to induce our plasticity may thus be experienced during intense light flashes that depolarize the Mb terminal. Changes to evoked AMPAR currents were detected within a few minutes of repetitive activation of a subgroup of ACs. Contrast and luminance adaptation in the retina occurs over multiple timescales and can have a time constant > 30 s (Baccus and Meister, 2002; Wark et al., 2009) . The form of plasticity we report here may thus be relevant for some types of adaptations where the retina adjusts its visual information processing dynamically to image changes. This form of adaptation has been attributed to an unknown long-term plasticity at AC synapses (Hosoya et al., 2005) . The BC and AC microcircuits have been shown to play crucial roles in several aspects of vision, such as determining the dynamic range of BC light sensitivity (Euler and Masland, 2000) , changing ganglion cell receptive fields (Cook and McReynolds, 1998; Lukasiewicz et al., 2004) , modulating the dynamic range of ganglion cell output (Sagdullaev et al., 2006) , and segregating object and background motion (Olveczky et al., 2003) . The rapid plasticity in AMPAR currents of ACs we report here may thus influence the dynamic range of BC light sensitivity and/or the size of ganglion cell receptive fields under different ambient light conditions. In addition, we note that the dendrites of ACs can operate in both independent (sub-threshold activation) and interdependent (supra-threshold activation) modes (Koizumi et al., 2005) . Our CP-AMPAR-mediated plasticity may play an important role in the switching from sub-threshold to supra-threshold activation modes. Here we showed that some individual AC dendritic varicosities can express significant plasticity based on the observation that iontophoretic glutamate (or AMPA) stimulation is enough to evoke local [Ca 2+ ] i influx and AMPAR current plasticity (Figures 6 and 7) . Note also that TTX does not block all inhibitory neurotransmitter release from ACs (Bieda and Copenhagen, 1999) , which supports the idea that a local sub-threshold activation of AC dendritic varicosities can trigger the local release of inhibitory neurotransmitters (Grimes et al., 2010) . Recently, diabetes-induced changes in the AMPARs of mouse A17 and AIIACs have been shown, indicating that mammalian ACs can also undergo plastic changes in their synaptic and/or non-synaptic CP-AMPARs (Castilho et al., 2015) .
In summary, our results indicate that a strong and repetitive activation of ON-type BCs can lead to the potentiation of CP-AMPAR on a subgroup of AC dendrites. This will lead presumably to a greater release of inhibitory neurotransmitter from these ACs, which will lead to greater inhibition of ganglion cells that may reduce their receptive fields (Cook and McReynolds, 1998) . Alternatively, potentiation of CP-AMPARs may lead to stronger AC depolarizations in response to light and this may lead to rapid short-term depression of AC inhibitory synapses, which causes sensitization of a sub-group of zebrafish and salamander BC terminals (Nikolaev et al., 2013; Kastner and Baccus, 2013) and sensitization of about 12% of mice and 32% of salamander ganglion cell responses (Kastner and Baccus, 2013) . Finally, potentiation of AC dendritic release onto other ACs can lead to inhibition of AC activity, and this may lead to an increase in ganglion cell activity through disinhibition (Manu and Baccus, 2011) . Future studies of plasticity in light-evoked signals in animal models amenable to genetic manipulations may shed further light on the physiological role of CP-AMPAR plasticity in the retina.
EXPERIMENTAL PROCEDURES Electrophysiology
All procedures were approved by the Institutional Animal Care and Use Committee of Oregon Health & Science University. Adult goldfish retinal slices were bathed in Ringer's solution: 100 mM NaCl, 2.5 mM KCl, 1 mM MgCl 2 , 25 mM NaHCO 3 , 2.5 mM CaCl 2 , and 12 mM D-glucose (pH 7.4) with 95% O 2 and 5% CO 2 mixed gas bubbling (see Vigh and von Gersdorff, 2005) . Ames medium was used for recordings from mouse retinal slices (see Balakrishnan et al., 2015) . Whole-cell voltage-clamp recordings were obtained with an EPC-9 double amplifier (HEKA Electronik) using 7-12 MU pipettes with Cs-based internal solutions. Access resistance of Mb cell terminals and ACs was 25.2 ± 1.6 and 45.8 ± 15.1 MU, respectively. C m measurements were performed using the ''Sine + DC'' technique (Gillis, 2000) . A 30 mV peak-to-peak sine wave was superimposed on the holding potential of À70 mV before and after a depolarization. By placing the patch pipette on the Mb cell terminal and using a high-frequency (1 or 2 kHz), sinusoidal voltage-clamp stimulus reliable C m changes (DC m ) can be determined from intact Mb cells see Supplemental Experimental Procedures) .
Iontophoresis and Puff of AMPA or Glutamate
Puff application of 1 mM L-glutamate with 50 mM D-AP5, or of AMPA (25-50 ms, < 5 psi) was used to evoke AMPA-mediated currents. All puffed agents were applied using a Picospritzer III (Parker Instrumentation) connected to a patch pipette (resistance $7-12 MU). Alternatively, 1 M L-glutamate (pH 7.2) with NMDAR antagonist (50 mM D-AP5 or 20 mM R-CPP) was locally applied with an iontophoretic pipette (70-120 MU) positioned near the AC dendrite with a 1 nA backing current maintained on the iontophoretic pipette to limit leak of L-glutamate from the pipette. In order to block possible activation of GABA receptors and Ca 2+ channels 25 mM SR 95531 and 100-150 mM TPMPA (or 100 mM Picrotoxin) and 100-400 mM Cd 2+ were applied in the bath.
Spinning-disc Laser Confocal Ca 2+ Imaging and Neuronal
Morphology Reconstruction
For Ca 2+ imaging experiments, 100 mM Oregon Green BAPTA1 (a low-affinity dye; K d $ 170 nM) was included in the pipette solution. Neurons were visualized with a 603 objective combined with a spinning-disk confocal microscope (CSU-X1 from 3i). The sampling rate was 0.1 Hz with 100 ms exposure time during puff stimulation. Fluorescence (F) data were spatially averaged over selected regions of interest, and DF/F was calculated for each puff stimuli. The AC soma was held at À70 mV, but it is possible that Ca 2+ channels on the AC dendrites were activated during glutamate or AMPA stimulation because of voltage-and space-clamp errors. Therefore, 100-400 mM Cd 2+ was also bath-applied to block all Ca 2+ channels. Puff or iontophoretic pipettes were coated with BSA Alexa Fluor 488 conjugate (BSA-Alexa; A-13100, Invitrogen) to visualize and position them near the AC dendrite of interest (Ishikawa et al., 2010) . During paired patch-clamp recordings, Mb cell terminals and AC somata were filled with Alexa 488 or 555 hydrazide (100-200 mM, Molecular Probes) in the patch pipette. Right after whole-cell patch-clamp recording, retinal slices was transferred into 4% (w/v) paraformaldehyde in PBS for 30 min. Slice were mounted onto Superfrost slides (Fisher Scientific) in aqueous mounting medium with anti-fading agents (M01; Biomeda). Cells were viewed with laser lines at 488 nm (for green) and 555 (for red) using a 403 objective on a confocal laser-scanning microscope (LSM 710; Carl Zeiss). Stacked confocal images were reconstructed with IMARIS software (Figures 1C-1F ; Bitplane Scientific Software).
The two-tailed Student's t test was used to determine statistical significance. A p value < 0.05 was considered significant. In figures, asterisks denote statistical significance (*p < 0.05, **p < 0.01). Reported values are mean ± SEM. See Supplemental Figures S1-S8 
